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Abstract: Basic data on the resting energy expenditure (REE) of healthy populations are currently
rare, especially for developing countries. The aims of the present study were to describe gender- and
age-specific REE distributions and to evaluate the relationships among glycolipid metabolism, eating
behaviors, and REE in healthy Chinese adults. This cross-sectional survey included 540 subjects
(343 women and 197 men, 20–79 years old). REE was measured by indirect calorimetry and expressed
as kcal/day/kg total body weight. The data were presented as the means and percentiles for REE and
the REE to fat-free mass (FFM) ratio; differences were described by gender and age. Partial correlation
analysis was used to analyze the correlations between REE, tertiles of REE/FFM, and glycolipid
metabolism and eating behaviors. In this study, we confirmed a decline in REE with age in women
(p = 0.000) and men (p = 0.000), and we found that men have a higher REE (p = 0.000) and lower
REE/FFM (p = 0.021) than women. Furthermore, we observed no associations among glycolipid
metabolism, eating behaviors, and REE in healthy Chinese adults. In conclusion, the results presented
here may be useful to clinicians and nutritionists for comparing healthy and ill subjects and identifying
changes in REE that are related to aging, malnutrition, and chronic diseases.

Keywords: resting energy expenditure; gender-specific; age-specific; glycolipid metabolism; eating
behavior

1. Introduction

Resting energy expenditure (REE) is the energy (calories) needed to maintain basic bodily
functions—such as respiratory, circulatory, and nervous system functions—and is the main component
of daily energy expenditure [1–3]. Over the past decade, scholars have demonstrated that REE is
determined by multiple factors, including age [4], gender [5], ethnicity [6], body composition [7,8],
and body fat distribution [9]. However, fat-free mass (FFM) is the major determinant of REE across
all ages; thus, REE is often normalized for FFM via the REE/FFM ratio [10–13]. As this field of study
has developed, researchers have further indicated that high and low REE values are associated with
metabolic processes, with underlying metabolic disease [11], with obesity outcomes [14–17], and even
with mortality [18] and multimorbidity [19,20]. On this basis, one study has suggested that REE may be
used as an early biomarker of impending health deterioration [20]. Therefore, obtaining comprehensive
and accurate REE data by sex, age, ethnicity, and health condition may be extremely important.

It is well-known that glycolipid metabolism and eating behaviors are associated with obesity and
metabolic disease. However, it is uncertain whether glycolipid metabolism and eating behaviors are
associated with REE. Recently, several studies in unhealthy populations have pointed out that higher
fasting serum insulin was associated with increased REE in patients who are nondiabetic and have
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schizophrenia [21], and hyperglycemia and glycemic intolerance were associated with an increase
in REE in patients with type 2 diabetes [22–24]. In addition, some recent studies showed that REE
was increased by dietary protein during overfeeding [25], and high vegetable fats intake is associated
with high REE in vegetarians [26]. Associations among glycolipid metabolism, eating behaviors,
and REE have been reported in unhealthy subjects. However, no data are currently available on these
associations in healthy subjects. Therefore, researching the relationship between glycolipid metabolism,
eating behaviors, and REE in healthy subjects have a most important realistic significance in the course
of medical practice for prevention of malnutrition and chronic diseases.

We performed a cross-sectional study aimed at presenting the REE and REE/FFM distributions
of healthy adults by gender and age group, and at evaluating the relationships among glycolipid
metabolism, eating behaviors, and REE in healthy Chinese adults.

2. Methods

2.1. Subjects

A total of 540 healthy subjects, 197 men and 343 women (from 20 to 79 years old) were
included in this study. They were recruited from communities in Harbin, the largest city in
northern China. Healthy subjects were defined as those who did not have a disease that might
impact REE and were not taking medications known to affect REE [27]. Subjects were excluded
if they had pulmonary disease, congestive heart failure, rheumatoid arthritis, cancer other than
nonmelanomatous skin cancer, thyroid-stimulating hormone levels outside the normal range, or were
taking medications known to affect body composition or metabolic rate (beta blockers, corticosteroids,
or appetite suppressants) [28]. Each subject completed a questionnaire and underwent testing to
include anthropometrics, REE assessment, and fasting blood collection. The health examination
and measurements were conducted in community clinics by physicians, public health nurses,
and medical technologists. The study was approved by the Ethics Committee of Harbin Medical
University and conducted in accordance with the Declaration of Helsinki (chiCTR-TRC-12002829).
Written informed consent was obtained from all participants.

2.2. Questionnaire

Each subject was interviewed privately by trained interviewers to complete a questionnaire
that included items regarding name, age, gender, medical history, drug, alcohol or tobacco use,
and physical activity status. Smoking was categorized as never, ≤1 cigarette/day, ≤10 cigarettes/day,
≤20 cigarettes/day, and >20 cigarettes/day. Physical activity was categorized into three groups: none,
no regular strenuous physical activity; moderate, regularly engaging in strenuous physical activity
at least once per week; and most active, engaging in strenuous physical activity (leisure time or
occupational) at least three times per week. Alcohol consumption was calculated as the number of
alcoholic drinks multiplied by the frequency.

Eating behaviors were obtained by a validated, semiquantitative food frequency questionnaire
(FFQ), which was based on local eating habits. The FFQ listed 103 different foods and has
been previously described [29]. Intakes of energy and macronutrients (carbohydrate, protein, fat)
were calculated using the Food Nutrition Calculator (V1.60; Chinese CDC Nutrition and Food
Security Institute).

2.3. REE Assessment

REE was measured for 30 min using indirect calorimetry (Quark PFT ergo, Cosmed Corporation,
Rome, Italy), which is considered the gold standard [30]. The assessment was performed early in
the morning after a fasting period of 12 h and a resting period of 15 min. During the assessment,
subjects were awake and in a supine position in a quiet room. Subjects were instructed to refrain
from strenuous physical activity and from taking common stimulants, such as coffee or tea,



Nutrients 2016, 8, 536 3 of 11

before the measurement. Indirect calorimetry was performed using a metabolic measurement system,
which consisted of a facemask, a sampling pump, a computer with carbon and oxygen dioxide sensors,
barometric sensors, and a turbine connecting the facemask to the computer [31]. The volume of oxygen
consumption and carbon dioxide production were measured every minute. Data obtained from the
last 10 min of the 30 min assessment were used to calculate the REE and respiratory quotient of each
subject. The instruments were calibrated before each test.

2.4. Anthropometric Measurements

The same trained examiners collected the subjects’ anthropometric measurements in the morning.
Before the measurements, subjects were instructed to wear light clothing and no footwear. Body height
and weight were measured according to standard protocols [32], and body mass index (BMI) was
calculated as weight (kg) divided by the square of the height (m). Body fat percentage was estimated by
bioelectrical impedance analysis, an electric current of 0.5 mA and 50 kHz was produced by a calibrated
signal generator (OMRON HBF-306; Omron, Dalian, China). In the standing position subject holds
equipment in his hands with shoulders in 90 degree flexion and elbow in full extension. The subject
holds the analyzer with a firm grip for approximately 7–10 s. The subject is bare-footed during the
procedure. FFM and fat mass (FM) was calculated from body weight and body fat percentage [33].

2.5. Blood Collection and Biochemical Assessment

Antecubital venous blood samples were obtained in the morning after a 12 h overnight
fast, centrifuged to obtain serum, and stored at −80 ◦C. Fasting blood glucose (FBG), cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C),
and triglycerides (TG) were determined using a Roche Modular P800 Automatic Biochemical Analyzer
(Roche Diagnostics, Mannheim, Germany). In addition, serum fasting insulin concentration was
measured by a Roche Elecsys 2010 Chemiluminescence Immune Analyzer (Roche Diagnostics; Laval,
QC, Canada). All of these variables were measured following standard laboratory procedures,
as described previously [31].

2.6. Statistical Analysis

The statistical analysis was performed using SPSS (version 13.01S; Beijing Stats Data Mining
Co. Ltd., Beijing, China). Continuous variables were examined for normality with Kolmogorov–Smirnov
tests before further statistical analysis. REE was expressed as kcal/day/kg total body weight.

Comparisons were performed after logarithmic transformation of non-normally distributed
continuous variables. The demographic characteristics and glycolipid metabolism parameters of the
study subjects were summarized for men and women as the means ± SD (for normally distributed
continuous variables) or as the medians and interquartile ranges (for non-normally distributed
continuous variables). Independent-samples t-tests were used to examine differences between men
and women. The gender- and age-specific (20–34, 35–49, 50–64, 65–79) means, standard deviations
and percentiles (5th, 10th, 25th, 50th, 75th, 90th, 95th) for REE values and REE/FFM ratios were
calculated. Independent-samples t-tests were performed to investigate differences in the mean REE and
REE/FFM ratio values of men and women. The effects of age on REE and REE/FFM were investigated
by ANOVA and Tukey’s test for multiple comparisons among all age groups. Partial correlation
coefficients, controlling for age, FFM, and FM, were estimated to examine the relationships between
REE and glycolipid metabolism and eating behaviors. Partial correlation coefficients, controlling for
age and FM, were estimated to examine the relationships between tertiles of REE/FFM and glycolipid
metabolism and eating behaviors. The results were considered significant when p was <0.05.
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3. Results

3.1. Demographic Characteristics

The demographic characteristics (age, smoking, alcohol consumption, anthropometric
characteristics, education, and physical activity) of the 540 subjects are summarized in Table 1.
Regarding anthropometric characteristics, men had significantly higher FFM (p = 0.009) and lower FM
(p < 0.0001) than women. No significant differences were observed in BMI between women and men.

Table 1. Demographic characteristics of the study subjects.

Men (n = 197) Women (n = 343) p-Value

Age (year) 59.86 ± 7.57 58.77 ± 6.70 0.183
Current smokers (n (%)) 32 (34.41) 6 (1.95) <0.0001

Alcohol use (n (%)) 52 (55.91) 48 (15.64) <0.0001
BMI (kg/m) 25.04 ± 3.19 24.89 ± 3.38 0.695

FFM (kg) 52.95 ± 6.10 41.13 ± 4.72 <0.0001
FM (kg) 19.06 ± 5.40 20.78 ± 5.51 0.009

Primary education only (n (%)) 21 (22.58) 78 (25.41) 0.343
Most active (n (%)) 19 (20.43) 59 (19.22) 0.450

Abbreviations: BMI, body mass index; FFM, Fat-free mass; FM, fat mass.

3.2. Glycolipid Metabolism and Eating Behaviors

Glycolipid metabolism and eating behaviors are shown in Table 2. Measures of glycolipid
metabolism include FBG, fasting insulin, TC, HDL-C, LDL-C, and TG. Women tended to have higher
FBG, fasting serum insulin, HDL-C, and LDL-C compared with the values observed for men. Men had
higher serum TG than women. No significant differences in TC were observed by sex. Eating behaviors
include energy intake, carbohydrate energy ratio, protein energy ratio, and fat energy ratio. Men tended
to have higher energy intakes and carbohydrate energy ratios than women. Women had higher fat
energy ratios than men. No significant differences in protein energy ratios were observed by sex.

Table 2. Glycolipid metabolism and eating behaviors of the study subjects.

Men Women p-Value

Glycolipid metabolism
FBG (mmol/L) 4.66 (4.24–5.75) 5.02 (4.56–5.58) 0.037

Fasting serum insulin (µU/L) 6.70 (4.40–9.65) 8.10 (5.70–12.40) 0.002
TC (mmol/L) 5.13 (4.48–5.75) 5.29 (4.70–5.81) 0.206

HDL-C (mmol/L) 1.12 (0.92–1.26) 1.31 (1.10–1.55) <0.0001
LDL-C (mmol/L) 2.81 (2.38–3.34) 3.16 (2.58–3.74) 0.001

TG (mmol/L) 1.57 (1.08–2.92) 1.50 (0.95–2.09) 0.046
Eating behaviors

Energy (kcal/day) 2640.61 ± 925.31 2137.85 ± 725.89 <0.0001
Carbohydrate (% of energy) 62.1 57.8 <0.0001

Protein (% of energy) 12.3 11.9 0.187
Fat (% of energy) 28.0 32.1 <0.0001

Abbreviations: FBG, Fasting blood glucose; TC: Total cholesterol; TG: Triglycerides; HDL-C: High-density
lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol.

3.3. Gender- and Age-Specific Absolute REE and REE/FFM Distributions

Table 3 and Figure 1 show results for REE and REE/FFM (means, standard deviation and
percentiles) by age group for women and men. REE was higher in men than in women (p = 0.000).
Of these men, 95% had REE values between 16.82 and 30.58 kcal/day/kg. For women, 95% had
REEs between 16.19 and 28.94 kcal/day/kg. On the contrary, REE/FFM was significantly lower
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in men than in women (p = 0.021). Of these men, 95% had REE/FFM ratios between 21.77 and
41.54 kcal/day/kg. For women, 95% had REE/FFM ratios between 23.39 and 41.00 kcal/day/kg.
ANOVA showed a statistically significant difference in REE by age group in men (p = 0.000) and
women (p = 0.000), but no significant difference in REE/FFM by age group in men and women.
Multiple comparison procedures using Tukey’s test showed that for men differences were significant
between the youngest groups (20–34 year) and the other three groups (35–49, 50–64, and 65–79 years).
For women, differences were significant between all groups, with the exception of the 50–64 and
65–79 years groups.
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3.4. Partial Correlations between Glycolipid Metabolism and REE

Partial correlations between biomarkers of glycolipid metabolism and REE are shown in Table 4.
The results showed no relationship between glycolipid metabolism and REE.

3.5. Partial Correlations between Eating Behaviors and REE

Partial correlations between eating behaviors and REE are shown in Table 5. The results showed
no relationship between eating behaviors and REE.

3.6. Partial Correlation Coefficients between Glycolipid Metabolism and the Tertiles of REE/FFM

Partial correlations between glycolipid metabolism and the tertiles of REE/FFM are shown
in Table 6. The results showed no relationship between glycolipid metabolism and the tertiles of
REE/FFM.

3.7. Partial Correlation Coefficients between Eating Behaviors and the Tertiles of REE/FFM

Partial correlations between eating behaviors and tertiles of REE/FFM are shown in Table 7.
The results showed no relationship between eating behaviors and tertiles of REE/FFM.
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Table 3. Gender- and age-specific REE and REE/FFM distributions.

n Mean SD p5 p10 p25 p50 p75 p90 p95 p-Value (Age) p-Value (Sex)

REE (kcal/day/kg)

Men 20–34 (year) 69 26.30 a 5.11 18.88 20.81 22.57 25.51 29.42 31.38 37.22

<0.0001
35–49 (year) 44 22.08 b 4.82 13.12 15.85 18.89 22.38 25.94 29.20 29.89
50–64 (year) 42 22.09 b 3.84 14.08 17.59 19.68 22.59 24.20 26.35 26.96
65–79 (year) 42 22.03 b 2.16 17.69 18.67 20.80 22.10 23.76 24.61 24.93

All 197 23.55 4.72 16.82 18.32 20.67 23.33 25.94 29.62 30.58

Women 20–34 (year) 20 25.89 a 5.10 16.79 18.94 23.23 24.36 30.15 32.56 38.54

<0.0001
35–49 (year) 93 22.81 b 3.86 16.45 17.36 19.83 23.22 24.93 27.47 29.56
50–64 (year) 130 21.47 c 3.30 15.84 16.96 19.42 21.57 23.69 25.01 26.26
65–79 (year) 100 21.19 c 3.41 16.02 17.27 19.48 20.98 23.43 25.49 26.32

All 343 22.01 3.78 16.19 17.28 19.77 21.87 24.18 26.37 28.94 <0.0001

REE/FFM ratio (kcal/day/kg)

Men 20–34 (year) 69 33.05 a 6.53 23.21 25.15 28.11 33.70 36.01 40.47 48.09

0.069
35–49 (year) 44 30.36 a 6.63 19.68 21.06 26.57 28.94 35.36 39.34 41.94
50–64 (year) 42 30.73 a 5.66 19.77 22.31 27.42 30.51 35.83 37.75 40.44
65–79 (year) 42 31.17 a 4.05 23.81 25.99 27.87 31.98 33.74 35.23 37.41

All 197 31.56 5.99 21.77 24.51 27.38 31.60 35.31 38.31 41.54

Women 20–34 (year) 20 34.51 a 9.73 15.44 20.71 29.58 33.64 41.78 50.75 53.06

0.116
35–49 (year) 93 33.51 a 5.91 22.51 24.52 29.53 34.08 37.71 40.20 42.70
50–64 (year) 130 32.56 a 4.94 23.68 25.84 29.25 32.79 36.31 38.54 39.88
65–79 (year) 100 31.93 a 5.10 23.76 25.76 28.97 31.67 35.09 38.73 40.08

All 343 32.75 5.65 23.39 25.57 29.26 33.15 36.67 39.19 41.00 0.021

p5, p10, p25, p50, p75, p90, and p95 correspond to the 5th, 10th, 25th, 50th, 75th, 90th and 95th percentiles, respectively. p-Value (sex), statistically significant difference of mean values
between sexes (independent-samples t-test). p-Value (age), statistically significant difference of mean values across age groups (ANOVA). a,b,c For each measure, superscript letters
next to the mean values indicate results of Tukey’s test. Means sharing the same letter indicate that values between the age groups are not significantly different from each other,
whereas mean values with different superscript letters indicate that they are significantly different from each other (p < 0.05).
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Table 4. Partial correlation coefficients between glycolipid metabolism and REE.

Men Women

r p-Value r p-Value

FBG (mmol/L) 0.178 0.093 0.096 0.094
Fasting serum insulin (µU/L) −0.019 0.857 0.064 0.263

TC (mmol/L) 0.180 0.089 0.085 0.138
HDL-C (mmol/L) −0.054 0.614 −0.086 0.137
LDL-C (mmol/L) 0.006 0.952 0.015 0.795

TG (mmol/L) 0.074 0.491 0.109 0.067

Partial correlation coefficients adjusted for age, FFM and FM. Abbreviations: FBG, Fasting blood glucose;
TC: Total cholesterol; TG: Triglycerides; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density
lipoprotein cholesterol.

Table 5. Partial correlation coefficients between eating behaviors and REE.

Men Women

r p-Value r p-Value

Carbohydrate (% of energy) −0.023 0.832 0.094 0.101
Protein (% of energy) 0.085 0.424 0.068 0.236

Fat (% of energy) −0.027 0.804 −0.107 0.063

Partial correlation coefficients adjusted for age, FM and FFM.

Table 6. Partial correlation coefficients between glycolipid metabolism and the tertiles of REE/FFM.

Tertile1
(≤29.73 kcal/day/kg)

Tertile2
(29.73–34.78)

Tertile3
(>34.78)

r p-Value r p-Value r p-Value

FBG (mmol/L) −0.022 0.807 0.096 0.124 0.076 0.387
Fasting serum insulin (µU/L) 0.005 0.955 0.028 0.748 0.024 0.789

TC (mmol/L) −0.047 0.592 −0.053 0.546 0.030 0.732
HDL-C (mmol/L) −0.095 0.279 −0.050 0.571 −0.023 0.797
LDL-C (mmol/L) −0.046 0.604 0.005 0.951 0.066 0.451

TG (mmol/L) 0.064 0.470 0.045 0.612 0.006 0.950

Partial correlation coefficients adjusted for age and FM. Abbreviations: FBG, Fasting blood glucose;
TC: Total cholesterol; TG: Triglycerides; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density
lipoprotein cholesterol.

Table 7. Partial correlation coefficients between eating behaviors and the tertiles of REE/FFM.

Tertile1
(≤29.73 kcal/day/kg)

Tertile2
(29.73–34.78)

Tertile3
(>34.78)

r p-Value r p-Value r p-Value

Carbohydrate (% of energy) 0.136 0.122 −0.031 0.725 −0.092 0.294
Protein (% of energy) −0.050 0.570 0.015 0.862 0.084 0.341

Fat (% of energy) −0.127 0.147 0.074 0.399 0.016 0.852

Partial correlation coefficients adjusted for age and FM.

4. Discussion

This study presents an analysis of healthy 20–79 year-old adults. To the best of our knowledge,
this is the first study to present REE and REE/FFM distributions as percentiles by sex and age
groups, focusing on the relationships among glycolipid metabolism, eating behaviors, and REE in
Chinese adults. REE was measured using indirect calorimetry, which is considered the gold standard.
In this study, we confirmed a decline in absolute REE with age, and we found that men have higher
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absolute REE and lower REE/FFM values than women. Furthermore, we found no associations among
glycolipid metabolism, eating behaviors, and REE in healthy Chinese adults.

Most previous studies of changes in REE with age have shown declines in REE, which we also
found in our study [28,34,35]. Age-related decreases in REE are mainly dependent on age-related
decreases in metabolically active organs’ mass [1] or body cell mass [1,36]. In addition, the decline
in REE with age may not be linear in men and women [37,38]. In women, the largest decline is more
pronounced in the early postmenopausal period [37,39]. In men, the largest declines occur first in
early adulthood and then again in old age [39]. The same phenomenon was observed in our study:
after middle age, age-related REE reductions occurred differently by gender. For women, the difference
in mean values was 1.62 kg/day/kg (7.10%) between the 35–49 and 65–79 years age groups, while for
men, the corresponding difference was 0.05 kg/day/kg (0.23%).

In our study, men had significantly higher FFM than women; thus, such differences in FFM
may induce higher absolute REE in men. In other ethnic groups, significant differences in FFM
have been found between men and women, and such differences in FFM induce variations in
REE [40,41]. However, it is worth noting that in the present study, when REE was normalized for FFM,
mean REE/FFM was significantly higher in women than in men. This suggests that Chinese women
with less FFM have a greater REE/FFM ratio than Chinese men with more FFM. This difference in
the REE/FFM ratio between the sexes has also been observed in adult participants from Milan [2].
The reasons for a difference in REE/FFM between men and women are unclear. According to the
existing research, the most likely reasons for this result are that for equivalent amounts of FFM, women
have a larger proportion of FFM as high-metabolic-rate tissues (e.g., brain, heart, liver, kidneys) [17],
while men have a larger proportion of FFM as low-metabolic-rate tissues (e.g., skeletal muscle and
bone) [10,12,42]. Metabolically active organ mass alone accounts for approximately 60% of REE in
adults [43]. Skeletal muscle is the main component of FFM but only accounts for 18%–25% of REE [44].
Alternatively, other physiological factors, such as sympathetic nervous system activity and endocrine
status (e.g., estrone, estradiol, progesterone, and thyroid hormone) [28], also contribute to observed
population differences in REE. This analysis indicates that further research is needed to clarify the
reasons for this difference between men and women.

This study found no relationships among glycolipid metabolism, eating behaviors, and REE in
healthy Chinese subjects. In addition, to clarify these relationships in hyper- and hypo-metabolic
subjects, we analyzed the correlation among glycolipid metabolism, eating behaviors, and the
tertiles of REE/FFM further. Similarly, there was also no relationship among glycolipid metabolism,
eating behaviors, and the tertiles of REE/FFM. It should be considered that these results refer
predominantly to healthy Chinese subjects, and different results might be obtained for other ethnic
groups or different states of health. For example, an association between blood pressure and REE has
been reported in Nigerians and African Americans [45], higher fasting serum insulin is associated
with increased REE in patients who are non-diabetic and have schizophrenia [21], hyperglycemia and
glycemic intolerance were associated with an increase in REE in patients with type 2 diabetes [22–24],
high vegetable fats intake is associated with high REE in vegetarians [26], and REE was increased by
dietary protein during overfeeding [25]. The extant literature on the relationship among glycolipid
metabolism, eating behaviors, and REE remains scarce. Therefore, longitudinal studies on different
groups of people are needed to clarify the relationship among glycolipid metabolism, eating behaviors,
and REE.

Although this is the first study to present the distributions of REE and the REE/FFM ratio as
percentiles and assess the relationships among glycolipid metabolism, eating behaviors, and REE in
Chinese subjects, it is not without limitations. First, it was performed using a self-selected sample of
healthy Chinese subjects. Although this limitation is common among existing studies of REE, its results
may not extend to other states of health or to other ethnic groups. Second, the sample of men in this
study is small. Further elucidation of this question will require an analysis using a larger sample size.
Third, given the cross-sectional nature of the study, definitive causal relationships among glycolipid
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metabolism, eating behaviors, and REE cannot be established. Longitudinal studies are needed to
further delineate the roles of glycolipid metabolism and eating behaviors in energy expenditure.

5. Conclusions

In conclusion, the results presented here may be useful to clinicians and nutritionists. They provide
basic data for an East Asian population for comparing healthy and ill subjects who are middle-aged or
older adults and for identifying changes in REE that are related to aging, malnutrition, and chronic
diseases. These data cannot be taken as universal, however, because of variation in body composition
and REE among different populations due to environmental and genetic factors [6].

Acknowledgments: The study was supported by the National Natural Science Fund of China (81472980) and the
Province in Heilongjiang Outstanding Youth Science Fund (JC201410).

Author Contributions: The authors’ contributions are as follows: Y.L. and C.-H.S. conceived and designed the
experiments; Y.C. and X.Y. performed the experiments; X.Y. and L.-X.N. collected the data; Y.C. and X.Y. analyzed
the data; Y.C. wrote the paper; Y.L. and C.-H.S. revised the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Roberts, S.B.; Rosenberg, I. Nutrition and aging: Changes in the regulation of energy metabolism with aging.
Physiol. Rev. 2006, 86, 651–667. [CrossRef] [PubMed]

2. Siervo, M.; Oggioni, C.; Lara, J.; Celis-Morales, C.; Mathers, J.C.; Battezzati, A.; Leone, A.; Tagliabue, A.;
Spadafranca, A.; Bertoli, S. Age-related changes in resting energy expenditure in normal weight, overweight
and obese men and women. Maturitas 2015, 80, 406–413. [CrossRef] [PubMed]

3. Cooper, J.A.; Manini, T.M.; Paton, C.M.; Yamada, Y.; Everhart, J.E.; Cummings, S.; Mackey, D.C.;
Newman, A.B.; Glynn, N.W.; Tylavsky, F.; et al. Longitudinal change in energy expenditure and effects on
energy requirements of the elderly. Nutr. J. 2013, 12, 73. [CrossRef] [PubMed]

4. Vaughan, L.; Zurlo, F.; Ravussin, E. Aging and energy expenditure. Am. J. Clin. Nutr. 1991, 53, 821–825.
[PubMed]

5. Ferraro, R.; Lillioja, S.; Fontvieille, A.M.; Rising, R.; Bogardus, C.; Ravussin, E. Lower sedentary metabolic
rate in women compared with men. J. Clin. Investig. 1992, 90, 780–784. [CrossRef] [PubMed]

6. Jones, A., Jr.; Shen, W.; St-Onge, M.P.; Gallagher, D.; Heshka, S.; Wang, Z.; Heymsfield, S.B. Body-composition
differences between African American and white women: Relation to resting energy requirements. Am. J.
Clin. Nutr. 2004, 79, 780–786. [PubMed]

7. Ravussin, E.; Lillioja, S.; Anderson, T.E.; Christin, L.; Bogardus, C. Determinants of 24-hour energy
expenditure in man. Methods and results using a respiratory chamber. J. Clin. Investig. 1986, 78, 1568–1578.
[CrossRef] [PubMed]

8. Toubro, S.; Sorensen, T.I.; Ronn, B.; Christensen, N.J.; Astrup, A. Twenty-four-hour energy expenditure:
The role of body composition, thyroid status, sympathetic activity, and family membership. J. Clin.
Endocrinol. Metab. 1996, 81, 2670–2674. [PubMed]

9. Tataranni, P.A.; Larson, D.E.; Ravussin, E. Body fat distribution and energy metabolism in obese men and
women. J. Am. Coll. Nutr. 1994, 13, 569–574. [CrossRef] [PubMed]

10. Wang, Z.; Heshka, S.; Gallagher, D.; Boozer, C.N.; Kotler, D.P.; Heymsfield, S.B. Resting energy
expenditure-fat-free mass relationship: New insights provided by body composition modeling. Am. J.
Physiol. Endocrinol. Metab. 2000, 279, E539–E545. [PubMed]

11. Heymsfield, S.B.; Thomas, D.; Bosy-Westphal, A.; Shen, W.; Peterson, C.M.; Muller, M.J. Evolving concepts
on adjusting human resting energy expenditure measurements for body size. Obes. Res. 2012, 13, 1001–1014.
[CrossRef] [PubMed]

12. Heymsfield, S.B.; Gallagher, D.; Kotler, D.P.; Wang, Z.; Allison, D.B.; Heshka, S. Body-size dependence of
resting energy expenditure can be attributed to nonenergetic homogeneity of fat-free mass. Am. J. Physiol.
Endocrinol. Metab. 2002, 282, E132–E138. [PubMed]

13. Tacke, M.; Ebner, N.; Boschmann, M.; Jarius, A.; Valentova, M.; Fulster, S.; Sandek, A.; Schomburg, L.;
Anker, S.D.; Doehner, W.; et al. Resting energy expenditure and the effects of muscle wasting in patients

http://dx.doi.org/10.1152/physrev.00019.2005
http://www.ncbi.nlm.nih.gov/pubmed/16601270
http://dx.doi.org/10.1016/j.maturitas.2014.12.023
http://www.ncbi.nlm.nih.gov/pubmed/25616780
http://dx.doi.org/10.1186/1475-2891-12-73
http://www.ncbi.nlm.nih.gov/pubmed/23742706
http://www.ncbi.nlm.nih.gov/pubmed/2008859
http://dx.doi.org/10.1172/JCI115951
http://www.ncbi.nlm.nih.gov/pubmed/1522233
http://www.ncbi.nlm.nih.gov/pubmed/15113715
http://dx.doi.org/10.1172/JCI112749
http://www.ncbi.nlm.nih.gov/pubmed/3782471
http://www.ncbi.nlm.nih.gov/pubmed/8675595
http://dx.doi.org/10.1080/07315724.1994.10718449
http://www.ncbi.nlm.nih.gov/pubmed/7706588
http://www.ncbi.nlm.nih.gov/pubmed/10950820
http://dx.doi.org/10.1111/j.1467-789X.2012.01019.x
http://www.ncbi.nlm.nih.gov/pubmed/22863371
http://www.ncbi.nlm.nih.gov/pubmed/11739093


Nutrients 2016, 8, 536 10 of 11

with chronic heart failure: Results from the Studies Investigating Comorbidities Aggravating Heart Failure
(SICA-HF). J. Am. Med. Dir. Assoc. 2013, 14, 837–841. [CrossRef] [PubMed]

14. Ravussin, E.; Lillioja, S.; Knowler, W.C.; Christin, L.; Freymond, D.; Abbott, W.G.; Boyce, V.; Howard, B.V.;
Bogardus, C. Reduced rate of energy expenditure as a risk factor for body-weight gain. N. Engl. J. Med. 1988,
318, 467–472. [CrossRef] [PubMed]

15. Armellini, F.; Zamboni, M.; Mino, A.; Bissoli, L.; Micciolo, R.; Bosello, O. Postabsorptive resting metabolic
rate and thermic effect of food in relation to body composition and adipose tissue distribution. Metabolism
2000, 49, 6–10. [CrossRef]

16. Dionne, I.; Despres, J.P.; Bouchard, C.; Tremblay, A. Gender difference in the effect of body composition on
energy metabolism. Int. J. Obes. Relat. Metab. Disord. 1999, 23, 312–319. [CrossRef] [PubMed]

17. Luhrmann, P.M.; Herbert, B.M.; Neuhauser-Berthold, M. Effects of fat mass and body fat distribution on
resting metabolic rate in the elderly. Metabolism 2001, 50, 972–975. [PubMed]

18. Ruggiero, C.; Metter, E.J.; Melenovsky, V.; Cherubini, A.; Najjar, S.S.; Ble, A.; Senin, U.; Longo, D.L.; Ferrucci, L.
High basal metabolic rate is a risk factor for mortality: The Baltimore Longitudinal Study of Aging. J. Gerontol.
A Biol. Sci. Med. Sci. 2008, 63, 698–706. [CrossRef] [PubMed]

19. Abizanda, P.; Romero, L.; Sanchez-Jurado, P.M.; Ruano, T.F.; Rios, S.S.; Sanchez, M.F. Energetics of aging and
frailty: The FRADEA study. J. Gerontol. A Biol. Sci. Med. Sci. 2016, 71, 787–796. [CrossRef] [PubMed]

20. Fabbri, E.; An, Y.; Schrack, J.A.; Gonzalez-Freire, M.; Zoli, M.; Simonsick, E.M.; Guralnik, J.M.; Boyd, C.M.;
Studenski, S.A.; Ferrucci, L. Energy metabolism and the burden of multimorbidity in older adults:
Results from the Baltimore Longitudinal Study of Aging. J. Gerontol. A Biol. Sci. Med. Sci. 2015, 70,
1297–1303. [CrossRef] [PubMed]

21. Fan, X.; Anderson, E.J.; Copeland, P.M.; Borba, C.P.; Nguyen, D.D.; Freudenreich, O.; Goff, D.C.;
Henderson, D.C. Higher fasting serum insulin is associated with increased resting energy expenditure
in nondiabetic schizophrenia patients. Biol. Psychiatry 2006, 60, 1372–1377. [CrossRef] [PubMed]

22. Gougeon, R.; Lamarche, M.; Yale, J.F.; Venuta, T. The prediction of resting energy expenditure in type 2
diabetes mellitus is improved by factoring for glycemia. Int. J. Obes. Relat. Metab. Disord. 2002, 26, 1547–1552.
[CrossRef] [PubMed]

23. Huang, K.C.; Kormas, N.; Steinbeck, K.; Loughnan, G.; Caterson, I.D. Resting metabolic rate in severely
obese diabetic and nondiabetic subjects. Obes. Res. 2004, 12, 840–845. [CrossRef] [PubMed]

24. Martin, K.; Wallace, P.; Rust, P.F.; Garvey, W.T. Estimation of resting energy expenditure considering effects
of race and diabetes status. Diabetes Care 2004, 27, 1405–1411. [CrossRef] [PubMed]

25. Bray, G.A.; Smith, S.R.; de Jonge, L.; Xie, H.; Rood, J.; Martin, C.K.; Most, M.; Brock, C.; Mancuso, S.;
Redman, L.M. Effect of Dietary Protein Content on Weight Gain, Energy Expenditure, and Body Composition
during Overeating. JAMA 2012, 307, 47–55. [CrossRef] [PubMed]

26. Montalcini, T.; De Bonis, D.; Ferro, Y.; Carè, I.; Mazza, E.; Accattato, F.; Greco, M.; Foti, D.; Romeo, S.;
Gulletta, E.; et al. High Vegetable Fats Intake Is Associated with High Resting Energy Expenditure in
Vegetarians. Nutrients 2015, 7, 5933–5947. [CrossRef] [PubMed]

27. Frankenfield, D.; Roth-Yousey, L.; Compher, C. Comparison of predictive equations for resting metabolic
rate in healthy nonobese and obese adults: A systematic review. J. Am. Diet. Assoc. 2005, 105, 775–789.
[CrossRef] [PubMed]

28. Roubenoff, R.; Hughes, V.A.; Dallal, G.E.; Nelson, M.E.; Morganti, C.; Kehayias, J.J.; Singh, M.A.; Roberts, S.
The effect of gender and body composition method on the apparent decline in lean mass-adjusted resting
metabolic rate with age. J. Gerontol. A Biol. Sci. Med. Sci. 2000, 55, M757–M760. [CrossRef] [PubMed]

29. Wang, C.; Li, Y.; Zhu, K.; Dong, Y.M.; Sun, C.H. Effects of supplementation with multivitamin and mineral
on blood pressure and C-reactive protein in obese Chinese women with increased cardiovascular disease
risk. Asia Pac. J. Clin. Nutr. 2009, 18, 121–130. [PubMed]

30. Frankenfield, D.; Hise, M.; Malone, A.; Russell, M.; Gradwell, E.; Compher, C. Prediction of resting metabolic
rate in critically ill adult patients: Results of a systematic review of the evidence. J. Am. Diet. Assoc. 2007,
107, 1552–1561. [CrossRef] [PubMed]

31. Li, Y.; Wang, C.; Zhu, K.; Feng, R.N.; Sun, C.H. Effects of multivitamin and mineral supplementation on
adiposity, energy expenditure and lipid profiles in obese Chinese women. Int. J. Obes. 2010, 34, 1070–1077.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jamda.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24094897
http://dx.doi.org/10.1056/NEJM198802253180802
http://www.ncbi.nlm.nih.gov/pubmed/3340128
http://dx.doi.org/10.1016/S0026-0495(00)90513-4
http://dx.doi.org/10.1038/sj.ijo.0800820
http://www.ncbi.nlm.nih.gov/pubmed/10193878
http://www.ncbi.nlm.nih.gov/pubmed/11474487
http://dx.doi.org/10.1093/gerona/63.7.698
http://www.ncbi.nlm.nih.gov/pubmed/18693224
http://dx.doi.org/10.1093/gerona/glv182
http://www.ncbi.nlm.nih.gov/pubmed/26463762
http://dx.doi.org/10.1093/gerona/glu209
http://www.ncbi.nlm.nih.gov/pubmed/25409892
http://dx.doi.org/10.1016/j.biopsych.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16920075
http://dx.doi.org/10.1038/sj.ijo.0802178
http://www.ncbi.nlm.nih.gov/pubmed/12461671
http://dx.doi.org/10.1038/oby.2004.101
http://www.ncbi.nlm.nih.gov/pubmed/15166305
http://dx.doi.org/10.2337/diacare.27.6.1405
http://www.ncbi.nlm.nih.gov/pubmed/15161796
http://dx.doi.org/10.1001/jama.2011.1918
http://www.ncbi.nlm.nih.gov/pubmed/22215165
http://dx.doi.org/10.3390/nu7075259
http://www.ncbi.nlm.nih.gov/pubmed/26193314
http://dx.doi.org/10.1016/j.jada.2005.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15883556
http://dx.doi.org/10.1093/gerona/55.12.M757
http://www.ncbi.nlm.nih.gov/pubmed/11129399
http://www.ncbi.nlm.nih.gov/pubmed/19329405
http://dx.doi.org/10.1016/j.jada.2007.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17761232
http://dx.doi.org/10.1038/ijo.2010.14
http://www.ncbi.nlm.nih.gov/pubmed/20142823


Nutrients 2016, 8, 536 11 of 11

32. Huang, L.; Xue, J.; He, Y.; Wang, J.; Sun, C.; Feng, R.; Teng, J.; Li, Y. Dietary calcium but not elemental calcium
from supplements is associated with body composition and obesity in Chinese women. PLoS ONE 2011,
6, e27703. [CrossRef] [PubMed]

33. Blauw, L.L.; Boon, M.R.; Rosendaal, F.R.; de Mutsert, R.; Gast, K.B.; van Dijk, K.W.; Rensen, P.C.N.;
Dekkers, O.M. Smoking is associated with increased resting energy expenditure in the general population:
The NEO study. Metabolism 2015, 64, 1548–1555. [CrossRef] [PubMed]

34. Tzankoff, S.P.; Norris, A.H. Effect of muscle mass decrease on age-related BMR changes. J. Appl. Physiol.
1977, 43, 1001–1006. [PubMed]

35. Geisler, C.; Braun, W.; Pourhassan, M.; Schweitzer, L.; Glüer, C.-C.; Bosy-Westphal, A.; Müller, M.J.
Gender-specific associations in age-related changes in Resting Energy Expenditure (REE) and MRI measured
body composition in healthy Caucasians. J. Gerontol. A Biol. Sci. Med. Sci. 2016, 71, 941–946. [CrossRef]
[PubMed]

36. St-Onge, M.P.; Wang, J.; Shen, W.; Wang, Z.; Allison, D.B.; Heshka, S.; Pierson, R.N.; Heymsfield, S.B.
Dual-energy X-ray absorptiometry-measured lean soft tissue mass: Differing relation to body cell mass
across the adult life span. J. Gerontol. A Biol. Sci. Med. Sci. 2004, 59, 796–800. [CrossRef] [PubMed]

37. Poehlman, E.T.; Goran, M.I.; Gardner, A.W.; Ades, P.A.; Arciero, P.J.; Katzman-Rooks, S.M.;
Montgomery, S.M.; Toth, M.J.; Sutherland, P.T. Determinants of decline in resting metabolic rate in aging
females. Am. J. Physiol. 1993, 264, E450–E455. [PubMed]

38. Poehlman, E.T. Energy expenditure and requirements in aging humans. J. Nutr. 1992, 122, 2057–2065.
[PubMed]

39. Luhrmann, P.M.; Edelmann-Schafer, B.; Neuhauser-Berthold, M. Changes in resting metabolic rate in
an elderly German population: Cross-sectional and longitudinal data. J. Nutr. Health Aging 2010, 14, 232–236.
[CrossRef] [PubMed]

40. Garby, L.; Lammert, O. Between-subjects variation in energy expenditure: Estimation of the effect of variation
in organ size. Eur. J. Clin. Nutr. 1994, 48, 376–378. [PubMed]

41. Svendsen, O.L.; Hassager, C.; Christiansen, C. Impact of regional and total body composition and hormones
on resting energy expenditure in overweight postmenopausal women. Metabolism 1993, 42, 1588–1591.
[CrossRef] [PubMed]

42. Weinsier, R.L.; Schutz, Y.; Bracco, D. Reexamination of the relationship of resting metabolic rate to fat-free
mass and to the metabolically active components of fat-free mass in humans. Am. J. Clin. Nutr. 1992, 55,
790–794. [PubMed]

43. St-Onge, M.-P.; Gallagher, D. Body composition changes with aging: The cause or the result of alterations in
metabolic rate and macronutrient oxidation? Nutrition 2010, 26, 152–155. [CrossRef] [PubMed]

44. Gallagher, D.; Belmonte, D.; Deurenberg, P.; Wang, Z.; Krasnow, N.; Pi-Sunyer, F.X.; Heymsfield, S.B.
Organ-tissue mass measurement allows modeling of REE and metabolically active tissue mass. Am. J. Physiol.
1998, 275, E249–E258. [PubMed]

45. Luke, A.; Adeyemo, A.; Kramer, H.; Forrester, T.; Cooper, R.S. Association between blood pressure and
resting energy expenditure independent of body size. Hypertension 2004, 43, 555–560. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0027703
http://www.ncbi.nlm.nih.gov/pubmed/22163269
http://dx.doi.org/10.1016/j.metabol.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26363529
http://www.ncbi.nlm.nih.gov/pubmed/606683
http://dx.doi.org/10.1093/gerona/glv211
http://www.ncbi.nlm.nih.gov/pubmed/26590912
http://dx.doi.org/10.1093/gerona/59.8.B796
http://www.ncbi.nlm.nih.gov/pubmed/15345728
http://www.ncbi.nlm.nih.gov/pubmed/8460693
http://www.ncbi.nlm.nih.gov/pubmed/1432248
http://dx.doi.org/10.1007/s12603-010-0055-4
http://www.ncbi.nlm.nih.gov/pubmed/20191259
http://www.ncbi.nlm.nih.gov/pubmed/8055854
http://dx.doi.org/10.1016/0026-0495(93)90155-H
http://www.ncbi.nlm.nih.gov/pubmed/8246774
http://www.ncbi.nlm.nih.gov/pubmed/1550060
http://dx.doi.org/10.1016/j.nut.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20004080
http://www.ncbi.nlm.nih.gov/pubmed/9688626
http://dx.doi.org/10.1161/01.HYP.0000118020.44335.20
http://www.ncbi.nlm.nih.gov/pubmed/14757780
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Subjects 
	Questionnaire 
	REE Assessment 
	Anthropometric Measurements 
	Blood Collection and Biochemical Assessment 
	Statistical Analysis 

	Results 
	Demographic Characteristics 
	Glycolipid Metabolism and Eating Behaviors 
	Gender- and Age-Specific Absolute REE and REE/FFM Distributions 
	Partial Correlations between Glycolipid Metabolism and REE 
	Partial Correlations between Eating Behaviors and REE 
	Partial Correlation Coefficients between Glycolipid Metabolism and the Tertiles of REE/FFM 
	Partial Correlation Coefficients between Eating Behaviors and the Tertiles of REE/FFM 

	Discussion 
	Conclusions 

